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ABSTRACT Bacteria have evolved distinct molecular mechanisms as a defense against
oxidative stress. The foremost regulator of the oxidative stress response has been found
to be OxyR. However, the molecular details of regulation upstream of OxyR remain
largely unknown and need further investigation. Here, we characterize an oxidative stress
and antibiotic tolerance regulator, OsaR (PA0056), produced by Pseudomonas aeruginosa.
Knocking out of osaR increased bacterial tolerance to aminoglycoside and b-lactam anti-
biotics, as well as to hydrogen peroxide. Expression of the oxyR regulon genes oxyR,
katAB, and ahpBCF was increased in the osaR mutant. However, the OsaR protein does
not regulate the oxyR regulon genes through direct binding to their promoters. PA0055,
osaR, PA0057, and dsbM are in the same gene cluster, and we provide evidence that
expression of those genes involved in oxidant tolerance is controlled by the binding of
OsaR to the intergenic region between osaR and PA0057, which contain two divergent
promoters. The gene cluster is also regulated by PA0055 via an indirect effect. We fur-
ther discovered that OsaR formed intramolecular disulfide bonds when exposed to oxi-
dative stress, resulting in a change of its DNA binding affinity. Taken together, our results
indicate that OsaR is inactivated by oxidative stress and plays a role in the tolerance of
P. aeruginosa to aminoglycoside and b-lactam antibiotics.

KEYWORDS osaR, PA0056, dsbM, oxyR, oxidative stress regulation, antibiotic tolerance
regulation, antibiotic resistance regulation

P seudomonas aeruginosa is an important opportunistic Gram-negative pathogen
that can cause serious infections, especially in immunocompromised individuals.

Furthermore, infections caused by P. aeruginosa result in increased mortality rates for
patients with cystic fibrosis or cancer (1). However, current methods to cure these infec-
tions in clinical practice are limited because of the resistance of P. aeruginosa to antibi-
otics (2).

A common bactericidal mechanism involving production of reactive oxygen species
(ROS) is shared by three kinds of antibiotics (3, 4), namely, b-lactams, aminoglycosides
(AGs), and quinolones. Blocked cell wall synthesis caused by b-lactams causes increased
intracellular glucosamine-6-phosphate levels (5), resulting in increased glycolytic flux,
providing substrates for ROS generation (6). Binding of AGs to ribosomes results in pro-
tein mistranslation (7–9), which triggers envelope stress via envelope (Cpx) and redox-re-
sponsive (Arc) two-component systems. Accordingly, membrane-coupled energy genera-
tion is accelerated, leading to ROS accumulation (10, 11). Some research showed no
hypersensitivity for strains with ROS-related mutations in sodAB, oxyR, or recA, compared
with the wild-type (WT) strain, in Escherichia coli, and there is no survival difference with
ampicillin or kanamycin treatment under aerobic or anaerobic conditions (12–14).
Therefore, the conclusion that ROS plays a role in antimicrobial lethality is still under
debate at present.
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Previous studies indicated that a mutation in dsbM, which encodes a disulfide oxi-
doreductase, contributes to a high level of resistance to several AGs in P. aeruginosa
(15). The crystal structures revealed that DsbM consists of a thioredoxin domain con-
taining the active site CXXC motif and a lid domain (16). Moreover, previous studies
confirmed that DsbM and OxyR interact (17). The oxidation state of OxyR can be
reduced by DsbM, and reduced OxyR cannot positively modulate the expression of the
antioxidant genes katAB and ahpBCF to counteract ROS originating from antibiotic ex-
posure. The oxidized DsbM is glutathionylated by glutathione (GSH) (16). Thus, DsbM is
involved in AG resistance in P. aeruginosa.

The osaR gene is a conserved gene in P. aeruginosa strains, including PAO1, PAK,
and PA14. Similar to OxyR, the transcriptional regulator OsaR belongs to the LysR fam-
ily. Recent work established that there is a direct interaction between the OsaR and
DsbM proteins (18). Therefore, OsaR might be involved in oxidative stress and resist-
ance to AGs in P. aeruginosa like DsbM.

Here, we provide evidence that OsaR is involved in the tolerance of P. aeruginosa to
AGs and b-lactams. Our results suggest that OsaR functions as a redox regulator that
inhibits transcription of oxyR and the response to oxidative stress. In addition, OsaR reg-
ulates the operon consisting of PA0055, osaR, PA0057, and dsbM.

RESULTS
Deletion of osaR increases the tolerance of P. aeruginosa to AGs and b-lactams.

Deletion of osaR had no effect on the PAK growth rate (see Fig. S1 in the supplemental
material). The P. aeruginosa WT (PAK), osaR mutant, and osaR overexpression (56OE)
strains were subjected to drug sensitivity tests to compare their susceptibility to AGs
and b-lactams. Table 1 provides the experimental data on the MICs of AGs, which indi-
cate that the osaRmutant strain displays greater tolerance to several AGs. The gentami-
cin, kanamycin, streptomycin, and neomycin MIC values of the osaR mutant were
largely 2-fold higher than those displayed by the WT strain. In addition, when osaR was
overexpressed, the AG MICs of the 56OE strain were reduced, with the neomycin MIC
reaching one-half that of the WT strain.

Drug sensitivity tests also indicated that the osaR mutant displayed increased MIC
values for the b-lactams ampicillin, carbenicillin, and ceftazidime (Table 2). To corrobo-
rate these results, we performed a carbenicillin killing assay (Fig. 1). The WT strain and
osaR mutant were grown to an optical density (OD600) of 0.4 and treated with a concen-
tration of carbenicillin of 320mg ml21. Figure 1 shows that the osaR mutant displayed
less susceptibility than the WT strain. The susceptibility of the osaR mutant and WT

TABLE 1 AGMICs for P. aeruginosa PAK, DosaR, and 56OE strains

Bacterial strain Relevant genotype

MIC (g liter21) of:

Gentamycin Streptomycin Kanamycin Neomycin
PAK WT 5 40 80 64
DosaR DosaR 10 80 160 128
PAK/pUCP19 WT 5 40 80 64
56OE WT/osaR 3.2 25.6 68 32

TABLE 2 b-Lactam antibiotic MICs for P. aeruginosa PAK, DosaR, and 56OE strains

Bacterial
strain

Relevant
genotype

MIC (g liter21) of:

Imipenem Meropenem Ampicillin Carbenicillin Ceftazidime
PAK WT 2 1 4� 103 32 ,0.8
DosaR DosaR 2 1 8� 103 40 1.9
PAK/pUCP19 WT 2 1
56OE WT/pUCP19-osaR 1 0.3
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strain was also investigated for several non-AGs and non-b-lactam antibiotics, but no
difference between the two strains was observed (Table S3). In conclusion, the osaR
mutant strain displayed greater AG and b-lactam tolerance than the WT strain, suggest-
ing that osaR is involved in tolerance to these two types of antibiotics.

Mutation of osaR reduces ROS accumulation and increases tolerance of P.
aeruginosa to oxidative stress. A large number of studies have shown that AGs and
b-lactams can kill bacteria by affecting the bacterial respiratory chain, resulting in ROS
production. Therefore, we investigated the tolerance of the WT strain, osaR mutant,
and complemented strain to H2O2. As shown in Fig. 2A, the osaR promoter lacZ transla-
tion fusion reporter displayed the highest galactosidase activity around the stationary
phase. Therefore, OsaR could play a role mainly during the stationary phase. The osaR
mutant showed increased survival to H2O2 treatment at an OD600 of 2.0, whereas the
complemented strain showed decreased survival (Fig. 2B). The catalase activity was
measured with or without the presence of H2O2. Consistent with the results shown in
Fig. 2B, the results shown in Fig. 2C indicate that the mutant has a higher catalase activ-
ity and stronger ability to degrade H2O2 than the WT strain.

Quantification of ROS levels using carboxy-29,79-dichlorodihydrofluorescein diace-
tate (carboxy-H2DCFDA) was used to further uncover the relationship between increased
antioxidant capacity and AGs tolerance in the osaR mutant. The results shown in Fig. 2D
indicate that the osaR mutant displayed the same level of ROS accumulation as the WT
strain during treatment with 15mg ml21 gentamicin for 30 min. However, a significant
difference in the ROS levels appeared 1 h later, indicating faster ROS scavenging by the
osaRmutant.

It was reported previously that quenching of antibiotic-induced ROS production by
thiourea protects E. coli cells from killing (19). Indeed, thiourea, a scavenger of hydroxyl
radicals, decreased toxicity (12). We compared the impact of thiourea on the osaR mu-
tant and the WT strain during treatment with 15mg ml21 gentamicin (Fig. 2E) or 60mg
ml21 kanamycin (Fig. 2F). The osaR mutant showed greater tolerance than the WT
strain, as expected. However, when exposed to both thiourea and antibiotic, the WT
strain and osaR mutant both displayed increased survival rates (Fig. 2E and F). The
results indicated that thiourea exerted a stronger effect on the WT strain due to its
poorer ROS clearance ability, compared to the osaRmutant.

Together, these results suggest that deletion of the osaR gene increases the toler-
ance of P. aeruginosa to oxidative stress. As a result, the osaR mutant displays increased
ROS clearance and enhanced tolerance to AGs and b-lactams.

FIG 1 Role of OsaR in the bacterial tolerance to carbenicillin. Bacteria were treated with carbenicillin
at an OD600 of 0.4 in LB medium at 37°C. Bacteria were collected at the indicated time points, and the
CFU were determined by serial dilution (1:10) and plating. Images on the right show the growth state
of PAK and DosaR strains in tubes after exposure to carbenicillin (320mg ml21) for 24 h; the treated
cultures were then dropped on LB plates by serial dilution (1:10). All data were obtained from three
independent experiments with at least three replicates. Error bars represent standard deviations (SDs).
**, P, 0.01 by Student's t test.
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OsaR indirectly represses the OxyR regulon. P. aeruginosa contains catalases
(KatA and KatB) and alkyl hydroperoxide reductases (AhpB and AhpCF), which contrib-
ute to bacterial tolerance to oxidative stress (20, 21). As a global transcription regulator,
OxyR mainly regulates the antioxidant system that protects bacteria from ROS.
Transcription of katA, katB, ahpB, and ahpCF can be activated by oxidized OxyR (22).
Therefore, we determined the expression of the oxyR regulon (oxyR, katA, katB, ahpB,
and ahpC) in the osaR mutant and the WT strain by quantitative PCR (qPCR).
Statistically significantly increased expression levels of oxyR, katA, katB, ahpB, and ahpC
were observed in the osaR mutant, in comparison to the WT strain (Fig. 3A). These
results support the increased antioxidative capability of the osaR mutant. Similar results
were observed in the appearance of H2O2 (Fig. 3B) and gentamicin (Fig. 3C). These
observations highlight that the oxidative stress response arising from antibiotic treat-
ments may be similar to but not equivalent to that induced by H2O2.

The OxyR mRNA levels differed between the osaR mutant and the WT strain, which
is not consistent with the assumption that OxyR regulates the downstream genes via
changes in its oxidative reduction state without changes in its gene expression (23, 24).
Therefore, we hypothesized that osaR might repress the transcription of oxyR.
Promoter-gfp fusion reporter assays were carried out to confirm this. The promoter ac-
tivity of PoxyR in the osaR mutant was found to be slightly higher than that of the WT
strain during the stationary phase (Fig. 3D). In addition, PkatA-gfp and PkatB-gfp showed
greater fluorescence in the osaR mutant at the late stationary phase (Fig. 3D). However,
no difference in fluorescence of the PkatA-gfp and PkatB-gfp strains was observed after

FIG 2 Role of osaR in bacterial tolerance to oxidative stresses. (A) The osaR promoter activity throughout growth was determined with the
PosaR-lacZ fusion reporter. (B) Indicated strains were treated with H2O2 for 10 min, and the numbers of live bacteria were determined by serial
dilution and plating. (C) The indicated strains were grown in LB medium to an OD600 of 2.0 and then incubated with or without 2mM H2O2

for 30min. The total intracellular catalase activity was measured using a catalase assay kit. (D) Carboxy-H2DCFDA was used as an indicator of
ROS in cells together with gentamicin (15mg ml21). The ROS levels are indicated by the fluorescence density. (E and F) Thiourea at 150mM
was added or not 10 min before gentamicin (15mg ml21) (E) or kanamycin (60mg ml21) (F) treatment for the PAK and DosaR strains. Live
bacteria were determined at different time points. All data were obtained from at least two independent experiments with at least three
replicates. Error bars indicate SDs. **, P , 0.01; *, P , 0.05, compared to PAK, by Student's t test. NS, not significant.
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knockout of oxyR in the osaR mutant (Fig. 3D). These results suggest that OsaR affects
transcription of katA and katB via OxyR.

In order to further study how OsaR affects expression of oxyR, katA, katB and ahpBCF,
we performed electrophoretic mobility shift assays (EMSAs). The results strongly suggest
that the OsaR protein does not bind to the region upstream of oxyR, katA, katB, and
ahpBCF (Fig. S2A and B), indicating that the transcriptional regulation of oxyR mediated
by OsaR is potentially indirect. Taken together, these results suggest that OsaR indirectly
represses transcription of oxyR and therefore the expression of the OxyR regulon is
increased in the osaRmutant.

OsaR and DsbM affect the oxidative stress response and antibiotic resistance
via distinct mechanisms. Previous work suggested that the dsbM mutant has a higher
expression level of the OxyR regulon than the WT strain (15). Furthermore, evidence
has been presented that reduction of oxidized OxyR is impaired in the absence of
DsbM. This is consistent with the results shown in Fig. 3A, B, and D. Figure 3A shows
that the change of OxyR regulon expression in the osaR mutant or overexpression
strain is more modest than that in the dsbM mutant or overexpression strain (overex-
pression of OsaR is soluble in PAK [data not shown]). Similar results can be seen in Fig.
3B for the osaR mutant and dsbM mutant with H2O2. This suggests that DsbM represses
the OxyR regulon more strongly than OsaR. We found that knockout of oxyR restored
the AG sensitivity of the osaR and dsbM mutants (Table 3). The hypothesis that OsaR
repression of oxyR is mediated by DsbM was put forward.

We identified a new gene cluster consisting of the four genes PA0055, osaR,
PA0057, and dsbM in P. aeruginosa and designated it the LMD (LysR-type regulator,
Metallo-b-lactamase, Disulfide oxidoreductase) gene cluster. PA0055 and osaR are
located on the minus strand, whereas PA0057 and dsbM are located on the plus strand

FIG 3 Expression of oxidative stress response genes. (A to C) Total RNA was isolated from the
indicated strains that had been treated with H2O2 (1mM) for 10 min (B) or gentamicin (15mg ml21)
(C) or had not received any treatment (A). mRNA levels of the oxyR regulon were determined by
qPCR. (D) The promoter-gfp fusion reporter for expression of the oxyR, katA, and katB genes in various
P. aeruginosa strains is shown. 56OE indicates the PA0056 (osaR) overexpression strain, and 58OE
indicates the PA0058 (dsbM) overexpression strain. All data were obtained from at least three
independent experiments with three replicates. Error bars indicate SDs. **, P , 0.01; *, P, 0.05 by
Student's t test. NS, not significant.
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of the P. aeruginosa genome. Promoter prediction using BPROM suggests that there are
only two putative promoters located between gene osaR and PA0057. There are no
transcription terminators or promoters between osaR and PA0055 or between PA0057
and dsbM according to bioinformatics analysis (Fig. 4A). The overlap of the two putative
promoters indicates the possible existence of a complex regulatory system involving
osaR and dsbM in the LMD gene cluster (Fig. 4A). We hypothesized that PA0055 is tran-
scribed together with osaR and that dsbM is transcribed together with PA0057. To test
this hypothesis, the PA0055-R primer was used to generate PA0055-specific cDNA that
served as a template to amplify the upstream gene osaR (Fig. 4B). Similarly, the
PA0058-R primer was used to generate PA0058-specific cDNA that served as a template
to amplify the upstream gene PA0057 (Fig. 4C). The osaR gene was present in the
PA0055-specific cDNA and PA0057 was present in the PA0058-specific cDNA, suggest-
ing that PA0055 and osaR are cotranscribed from a promoter upstream of osaR as part
of a polycistronic mRNA and that PA0057 and dsbM are cotranscribed from a promoter
upstream of PA0057.

In order to study regulation of the LMD gene cluster by OsaR, qPCR was performed
to measure the transcription level of PA0055-dsbM. The transcription level of PA0055
decreased in the osaR mutant (Fig. 4D), whereas knockout of osaR resulted in higher
expression levels of dsbM and PA0057. Expression levels of PA0057 and dsbM were
reduced in the osaR overexpression strain (Fig. 4E). Interestingly, the results indicate
that the transcription levels of osaR, PA0057, and dsbM were significantly decreased
(Fig. 4E) in the PA0055 overexpression strain. It seems that PA0055 can regulate the
LMD gene cluster together with OsaR. However, the PA0055 protein was estimated to
contain no DNA binding domain.

There are two promoters that are assumed to be in opposite directions and have
partial overlap in the interval between osaR and PA0057. These two putative promoters
are named PosaR and PPA0057 (Fig. 4A). We investigated whether the PA0055 and OsaR
proteins affect PosaR and PPA0057 activity, which might further explain PA0055-osaR-medi-
ated regulation of LMD gene cluster expression. The DNA region between osaR and
PA0057 was fused with lacZ in the forward and backward directions, respectively, in
plasmid pDN19lacX. Forward is PPA0057 and backward is PosaR. Compared to PAK/
PosaR-lacZ, 55OE/PosaR-lacZ and 56OE/PosaR-lacZ displayed significantly different b-galac-
tosidase activity, suggesting low promoter activity in the PA0055 overexpression strain
but higher activity in the OsaR overexpression strain for PosaR (Fig. 4F). This clearly dem-
onstrates that PA0055 represses but OsaR actives PosaR promoter expression. For 55OE/
PPA0057-lacZ and 56OE/PPA0057-lacZ, compared with the control PAK/PPA0057-lacZ, the
results show that the overexpression of PA0055 and OsaR leads to a decrease in b-ga-
lactosidase activity (Fig. 4G). These results suggest that the PA0055 and OsaR proteins
may inhibit the transcription of PA0057 and dsbM. In addition, b-galactosidase activity
in PAK/PosaR-lacZ was .4-fold higher than in PAK/PPA0057-lacZ. On the whole, our data
indicate that PA0055 represses PosaR and PPA0057 promoter activity and that OsaR posi-
tively regulates PosaR promoter activity but represses PPA0057 promoter activity.

DsbM expression levels increased about 1.5-fold in the osaR mutant but it could
inactive OxyR. Further experiments were carried out to examine the effect of

TABLE 3 AGMICs for P. aeruginosa strains

Bacterial straina Relevant genotype

MIC (g liter21) of:

Gentamycin Streptomycin Kanamycin
PAK WT 5 40 102.4
DosaR DosaR 10 80 160
DdsbM DdsbM 10 80 160
DoxyR DoxyR 6.4 80 160
DoxyR DosaR DoxyR DosaR 5 40 102.4
DoxyR DdsaM DoxyR DdsbM 5 40 102.4
aCatalase (25 U ml21) was added to sustain bacterial growth after knockout of oxyR.
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overexpression of DsbM. Increased osaR expression levels (Fig. 5A) and H2O2/AG sus-
ceptibility (Fig. 5B and Table 4) were displayed in the dsbM overexpression strain.
Furthermore, the bacteria displayed a cumulative tolerance to H2O2/AGs after simulta-
neous knockout of osaR and dsbM (Fig. 5C and Table 4). Therefore, OsaR repression of
the OxyR regulon is not through DsbM, considering that the increased expression of
DsbM and OxyR regulon is inconsistent in the osaR mutant. It is the modest upregula-
tion of dsbM in the osaR mutant that explains lower OxyR regulon expression (Fig. 3A
and B) and lower H2O2 tolerance (Fig. 5C), compared with the dsbM mutant.

Disulfide bond and multimer formation in the oxidized OsaR. As a disulfide bond
redox enzyme, DsbM can catalyze oxidic OxyR into a reduced state, terminating OxyR
activation of antioxidant genes (17). Recent research indicates that there is a physical
interaction between DsbM and OsaR (18). As a hypothesis, DsbM could catalyze

FIG 4 Regulation of the LMD gene cluster. (A) Organization of the LMD gene cluster. Arrows indicate the direction of transcription of genes.
There are only two putative promoters located between gene osaR and PA0057, which have a cross in the 235 box. (B) Cotranscription of
osaR and PA0055 determined by RT-PCR. Lanes 1 and 2, PA0055 (181 bp) and osaR (122 bp) cDNA as the template, respectively; lanes 3 and
4, no-reverse transcriptase controls with PA0055 and osaR primers, respectively; lanes 5 and 6, genome template as a positive control. (C)
Cotranscription of PA0057 and dsbM by RT-PCR. Lanes 1 and 2, PA0057 (176 bp) and dsbM (110 bp) cDNA as the template, respectively; lanes
3 and 4, no-reverse transcriptase controls with PA0057 and dsbM primers, respectively; lanes 5 and 6, genome template as a positive control.
Lane M, 2-kb DNA ladder (from the bottom up, 100 bp, 250 bp, 500 bp, 750 bp, 1,000 bp, and 2,000 bp). The transcriptional activity of PA0055
and osaR was assessed. (D and E) Effects of DosaR (D) and osaR overexpression and PA0055 overexpression (E) on LMD gene cluster
transcription. (F and G) b-Galactosidase activity assay of the PosaR-lacZ (F) and PPA0057-lacZ (G) transcriptional fusion in the overexpression of
PA0055 or osaR strains. 55OE indicates the PA0055 overexpression strain. All data were obtained from at least three independent experiments
with three replicates. Error bars indicate SDs. **, P , 0.01; *, P, 0.05 by Student's t test.
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oxidized OsaR (OsaR-OX) into reduced OsaR (OsaR-RE). Changes in OsaR redox status
are likely to determine its activity of regulation.

The tertiary structure prediction of the OsaR protein indicates that it is composed
of a DNA binding domain and a regulatory domain (Fig. S3B), which is in accord
with the description of the tertiary structure of the LTTR family proteins (25). Based
on the sequence of the osaR gene, the OsaR protein contains cysteines in positions
C69, C161, C166, and C189. Like OxyR, OsaR is likely S-S-bonded between C-166 and
C-189 in the regulatory domain (Fig. S3A). Soluble expression of OsaR was finally
achieved in the form of a maltose-binding protein (MBP) fusion in E. coli (Fig. S3C).

We performed SDS-PAGE of inclusion body OsaR protein expressed in the BL21(DE3)
strain with pET28a vector for analysis of the protein under nonreducing conditions. The
two heavy bands between 34 kDa and 43 kDa likely represent the OsaR
protein in the reduced state and the oxidized state, respectively (Fig. S3D). Analytical
ultracentrifugation was carried out to measure the aggregated form of OsaR with MBP-
OsaR. Figure 6A shows that fresh purified MBP-OsaR exists mainly in the aggregated
form under nonreducing conditions, which is similar to MBP-OsaR-RE exposed to mer-
captoethanol (ME). It is worth mentioning that analytical ultracentrifugation has certain
errors in the evaluation of molecular weight, but it can be determined that MBP-OsaR
exists as a polymer in the reduced state (MBP-OsaR trimer of 236.442 kDa and MBP-
OsaR tetramer of 315.256 kDa). MBP-OsaR-OX treated with H2O2 is mainly in the form of
44.9-kDa MBP (possibly due to the break of the MBP-OsaR linker) and 100-kDa MBP-
OsaR monomer. MBP is a monomer and has no cysteine residues. OsaR-OX is a mono-
mer and OsaR-RE most likely exists as a tetramer, in reference to the characterization of
LysR family proteins. Free thiol measurements revealed that OsaR-OX has an intramo-
lecular disulfide (Fig. 6B).

When MBP-OsaR was incubated in vitro with different concentrations of H2O2 rang-
ing from 0.1mM to 100mM, a new band, MBP-OsaR-OX, appeared, illustrating that

TABLE 4 AGMICs for P. aeruginosa strains

Bacterial strain Relevant genotype

MIC (g liter21) of:

Gentamycin Streptomycin Kanamycin
PAK WT 5 40 80
DdsbM DdsbM 6.4 80 160
58OE WT/pUCP19-dsbM 2.5 25.6 51.2
DdsbM/58OE DdsbM/dsbM 3.2 25.6 80
DosaR DdsbM DosaR DdsbM .10 160 204.8

FIG 5 DsbM overexpression can enhance oxidant susceptibility. (A) mRNA levels of PA0055, osaR, and PA0057 were determined by
qPCR in the WT strain, dsbM mutant, and overexpression strain. (B and C) The indicated strains were then treated with H2O2 for 10
min, and the numbers of live bacteria were determined by serial dilution and plating. All data were obtained from at least three
independent experiments with three replicates. Error bars indicate SDs. **, P , 0.01; *, P, 0.05 by Student's t test.
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FIG 6 Change of OsaR protein redox state with H2O2 treatment. Purified MBP-OsaR (40mM) was incubated with 1% ME for 20 min to reduce MBP-OsaR (MBP-
OsaR-RE) or with 10mM H2O2 for 20 min to obtain oxidized MBP-OsaR (MBP-OsaR-OX). (A) Analytical ultracentrifugation was employed to detect the state of
MBP-OsaR aggregation. The blue arrow indicates the polymer, and the pink arrow indicates the MBP-OsaR monomer or MBP broken away from MBP-OsaR.
OsaR aggregates into pellets due to its instability and cannot be shown on the curve. (B) Measurement of free thiol contents in MBP-OsaR-RE and MBP-OsaR-
OX (MBP has no cysteine residues). (C to E) Nonreducing SDS-PAGE (8%) of MBP-OsaR (2mM) reduced with ME (1%) or oxidized with the indicated
concentration of H2O2 in vitro. A total of 225mg of protein was loaded per lane. Protein mobility was visualized using Coomassie brilliant blue staining. PAK
WT bacteria containing osaR-His fusion were treated with 0, 0.1, 1, 10, or 100mM H2O2 for 20 min (D) or the strain was treated with 1mM H2O2 every 10 min
(E) and then aliquots were taken at the given time points. After that, the samples were precipitated with TCA and then treated with AMS. Again, separation
and detection of OsaR-His were achieved by nonreducing SDS-PAGE (10%) and immunoblotting. OsaR-RE or RE, the reduced form; OsaR-OX or OX, the
oxidized form; C, the absence of ME or H2O2. All data were obtained from at least three independent experiments with at least three replicates.
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MBP-OsaR is oxidized in the presence of H2O2 (Fig. 6C). However, the electrophoretic
migration of OsaR was different when bacterial cultures were exposed to different con-
centrations of H2O2 followed by nonreducing SDS-PAGE (Fig. 6D). Using the 4-acet-
amido-49-maleimidylstilbene-2,29-disulfonic acid (AMS) alkylation method, we assessed
the kinetics of OsaR oxidation after treatment with 1mM H2O2 in vivo. OsaR was in a
reduced state in the absence of H2O2 (Fig. 6D) and was oxidized after H2O2 was added
to the bacteria (Fig. 6E). These experiments turned out to be technically challenging,
giving rise to only weak Western blot bands, likely due to low native expression of the
OsaR protein. The experiments described above suggest that OsaR exists as a polymer
in the reduced state under physiological conditions, whereas upon oxidation a disulfide
bond is formed, changing OsaR into a monomeric state.

osaR autoregulates its response to oxidative stress. In order to further investigate
whether the OsaR protein directly binds to the intergenic region (IR) between osaR and
PA0057 to regulate transcription, we performed EMSA analysis. The DNA fragments
used in the EMSA are shown in Fig. 7A. OsaR was shown to specifically bind to the F1
region (Fig. 7B). Subsequently, OsaR was incubated with the F2IR (Fig. 7C) or F3 (Fig.
7D) fragments, and the binding complex is shown in Fig. 7C.

The protein OsaR contains disulfide bonds, which affect its aggregation state.
Addition of H2O2 oxidizes the sulfhydryl groups in OsaR to form disulfide bonds, while
addition of ME opens the oxidized disulfide bonds in OsaR. No shift band appears
when H2O2 increases in the EMSA system (OsaR purified under nonreducing conditions)
(Fig. 7E). Figure 7F shows that a binding complex appears as the concentration of ME is
increased to maintain OsaR in the reduced state. Addition of H2O2 into the EMSA sys-
tem to oxidize into an oxidized state the OsaR-RE protein that was reduced with ME in
advance resulted in disappearance of the binding complex (Fig. 7G). These results indi-
cate that OsaR binds to DNA in a reduced state rather than in an oxidized state.

A DNase I footprinting assay was performed to identify the binding box of OsaR. A
6-fluorescein amidite (FAM)-labeled DNA fragment (F2IR) was incubated with purified
OsaR-RE; subsequently, these complexes were treated with DNase I, followed by DNA
fragment analysis by sequencing. A nearly continuous 40-bp region from position 120
to position 160 in F2IR was protected by OsaR-RE (Fig. 8A and B). Previous research sug-
gested that the T-N11-A motif is a LTTR consensus binding sequence. Eleven T-N11-A
boxes were retrieved in F2IR (Fig. 8C). T-N11-A boxes 5 to 7 are located in the region of
the osaR gene that was protected in the DNase I footprinting assay (Fig. 8C).

To obtain a more detailed picture of OsaR interacting with its specific binding site,
OsaR binding with F2IR was examined by EMSA with mutated DNA fragments. In the
OsaR protein binding region, box 5, which is similar to the T-N11-A motif, is
ATTCGCTCGATCCAT, AT-N11-AT. A fragment including only boxes 5 to 7, named F2IRC,
was derived from F2IR that was cut from 238 bp to 90 bp (Fig. 7A). Considering the
physical structures of the nucleotides, the base transition, which interchanges either
two purine nucleotides (A and G) or two pyrimidine nucleotides (C and T), is less likely
to introduce large changes in the DNA structure (26). We introduced point mutations in
DNA fragment F2IRC to change the AT-TCGCTCGATCC (N11)-AT sequence into GC-
TCGCTCGATCC (N11)-CG (Fig. 7A), and the mutated DNA fragment was designated
F2IRM. F2IRM was not bound by OsaR-RE, compared to the positive-control F2IRC (Fig.
8D). OsaR-RE was incubated first with unlabeled F2IRC and biotin-labeled F2IRC was
added subsequently; the EMSA did not show a band shift (Fig. 8E). A mutant osaR pro-
moter in osaR binding sites (AT-N11-AT into GC-N11-GC)-lacZ translation fusion was con-
structed. Unlike the WT osaR promoter, the PosaRM mutant could not be induced in the
osaR overexpression strain. PosaRM present lower activity then PosaR in PAK due to lacking
of OsaR induction (Fig. 8F). This suggests that AT-TCGCTCGATCC (N11)-AT is the OsaR
binding box in the IR between osaR and PA0057.

Despite PA0055 overexpression having no obvious effect on the AG and b-lactam
MICs (data not shown), EMSAs were carried out to test the interaction of PA0055 pro-
tein (expressed with pET28a) (Fig. S3E) with the IR and F2IR. As shown in Fig. 9A and
Fig. S4, no diffuse bands were formed. Combined with the b-galactosidase reporter
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results shown in Fig. 4F and G, this tentatively suggests that PA0055 could regulate pro-
moters PosaR and PPA0057 indirectly. When OsaR-RE was incubated together with F2IR in
the presence of PA0055, we observed a rapid decrease of the binding complex of OsaR
to F2IR (Fig. 9B). Microscale thermophoresis (MST) was used to determine the dissocia-
tion constant (Kd) between protein PA0055 and OsaR (Fig. 9C). The results indicate that
PA0055 showed binding affinity for OsaR (Kd = 5.85 nM). Therefore, PA0055 serves as an
antiregulator that might negatively regulate the LMD gene cluster by interacting with
OsaR to change its affinity to the regulatory region.

Finally, a PPA0057-gfp reporter was constructed to reveal whether the LMD gene clus-
ter would be induced by antibiotics. Figure S5 shows that the relative fluorescence level
of an osaR mutant is higher than that of the WT strain, which is in agreement with the
result shown in Fig. 4G. Relative fluorescence levels increased similarly when carbenicil-
lin was added in both the WT and osaR mutant strains, but a more remarkable increase
was observed in the WT strain. Therefore, promoter PPA0057 in the LMD gene cluster can
be induced by carbenicillin, and OsaR plays a part role in this pathway.

DISCUSSION
OsaR represses the OxyR system. Work in E. coli has shown that OxyR acts as a

transcriptional autorepressor that represses its own activity under noninducing

FIG 7 Transcription factor binding properties of OsaR identified by EMSA analysis. (A) DNA fragments used in
the EMSA analysis. (B to D) Validation of binding of OsaR-RE (with 1% ME) to selected target regions by EMSA.
(E and F) Ability of the reduced state (OsaR-RE) (with ME) and the oxidized state (OsaR-OX) (with H2O2) to bind
the target fragment at a protein concentration of 200 nM. (G) Reduction of OsaR (1000 nM) with 1% ME for
60min followed by dialysis to remove ME in an anaerobic chamber. Oxidation of OsaR-RE was performed with
various concentrations of H2O2 before application to the shift assay. DNA-protein complexes were separated
upon migration on a native PAGE gel. OsaR was purified under aerobic conditions and used at the following
concentrations: 0 nM, 50 nM, 100 nM, 200 nM, or 400 nM. The protein is a mixture of OsaR and MBP, because
OsaR is unstable and easy to precipitate when more purification steps are performed after MBP is cut off. The
proportion of OsaR was calculated using ImageJ software according to the SDS-PAGE picture. Red arrows
indicate the protein-DNA complex and black arrows indicate free DNA. MBP (400 nM plus the DNA fragment)
and C (OsaR-RE at 400 nM plus flpJG) are negative controls.

OsaR Regulates dsbM and Oxidative Stress Response Antimicrobial Agents and Chemotherapy

March 2021 Volume 65 Issue 3 e01771-20 aac.asm.org 11

https://aac.asm.org


conditions (27). oxyR transcription was also upregulated in response to polymyxin B,
norfloxacin, and rifampin in Burkholderia cenocepacia (28). Evidence showing that the
amounts of the OxyR protein change after H2O2 treatment in Xanthomonas oryzae (29)
and in P. aeruginosa (30) has been provided. However, EMSA analysis did not reveal
binding of purified OxyR protein to DNA upstream of oxyR in P. aeruginosa (22). We
found that the oxyR expression levels increased in the osaR mutant and dsbM mutant
without H2O2 treatment (Fig. 3A), suggesting that both OsaR and DsbM could regulate
oxyR at the transcription level in P. aeruginosa.

Several classes of antibiotics can result in a rise in H2O2 production; accordingly,
OxyR is also activated by antibiotics such as gentamicin (AG) (31, 32), cefotaxime

FIG 8 Identification of the OsaR-protected cis elements in the IR promoter region using a DNase I footprinting assay and EMSA. (A and B) The probes used
were labeled with FAM dye, and the control products (red) together with the digestion products (blue) were analyzed with peak scanner software v1.0
(Applied Biosystems) (A). These two sequencing results are indicated by different colors separately and are then merged together (B). The whole region of
the coding strand DNA is shown in panel A, and the region protected by OsaR from DNase I cleavage was enlarged and is shown separately in panel B. (C)
The region protected by OsaR from DNase I digestion is the OsaR binding site, which is in the black dotted box; other salient features named 1 to 13 are
all T-N11-A boxes in the DNA fragment identified by a program. (D) F2IR was cut from 238 bp to 90 bp (designated F2IRC); in the F2IRC site mutant, the four
bases in bold are mutation sites (designated F2IRM). EMSAs of OsaR-RE binding with the site mutant DNA fragment F2IRM were performed; F2IR and F2IRC
are positive controls, and OsaR-RE concentrations were 0 nM, 200 nM, or 400 nM. (E) For cold competition, OsaR-RE was first incubated with the DNA
fragment F2IRC and then F2IRC marked with biotin (F2IRCb) was added. The OsaR-RE concentrations were 0 nM, 200 nM, and 400 nM, F2IRCb was a
positive control, with OsaR-RE concentrations of 0 nM, 200 nM, 400 nM, and 800 nM. (F) Promoter activity was analyzed in the WT strain and OsaR
overexpression strains, with four base mutations of the osaR promoter PosaRM in the putative OsaR binding site as F2IRM. The PosaR-lacZ reporter was a
control. Red arrows indicate the protein-DNA complex, and black arrows indicate free DNA. NS, not significant. **, P , 0.01 by Student's t test.
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(b-lactam), and levofloxacin (fluoroquinolone) in E. coli (33). Oxidized OxyR is deacti-
vated by the glutaredoxin (GrxA) system and the thioredoxin system (22, 24). Moreover,
OxyR could be reduced by DsbM with the participation of GSH (17). P. aeruginosa has
three different types of catalase isoenzyme genes, katA, katB, and katE, which are not
controlled only by OxyR. Overexpression of KatG inhibits killing by gentamicin, and
addition of external catalase or overexpression of KatE/SodA can prevent cell death by
spectinomycin in E. coli (31, 34). An increase in the catalase activity was also demon-
strated in Burkholderia cenocepacia in response to antibiotics targeting the cell wall
(28).

Various antibiotics boost production of ROS, although it is still controversial.
Contradictory results against ROS in antibiotic-mediated killing were explained in sev-
eral research papers and reviews (35). In brief, they could be attributable to the exper-
imental setup, the genetic background of the strains, the concentrations of antibiot-
ics, or other factors (36–40). Numerous studies confirmed the involvement of
metabolic changes, including the tricarboxylic acid cycle, in ROS-mediated antibiotic
killing of various bacterial species, except for stimulating defense systems against
ROS. Conceivably, this study provides new evidence that the activated OxyR regulon
could protect bacteria from ROS damage and improve the bacterial response to
antibiotics.

Gene regulation in the LMD gene cluster. In the LMD gene cluster, the genes
PA0055, osaR, PA0057, and dsbM form an operon. OxyR can be reduced by DsbM; when
DsbM is absent, oxidized OxyR cannot be reduced in a timely manner and consequently
the expression of the OxyR regulon increases, causing AG resistance to increase (17).
Thus, DsbM plays a role in oxidative stress and AG resistance in P. aeruginosa. It can
end the OxyR response when the oxidative pressure is eliminated. PA0055 and OsaR
can both repress PPA0057. However, the expression levels of PA0057 and dsbM are not
particularly high in the osaR mutant. This indicates that there is likely a positive regula-
tor for PPA0057, which deserves further study. OsaR has DNA binding domains and autor-
egulates its expression by binding to specific sites in the IR. b-Galactosidase activity
assays indicated that overexpression of OsaR enhances the promoter activity of PosaR.
However, the transcription level of PA0055 did not change significantly in the osaR
overexpression strain (Fig. 4E). In the osaR knockout strain, the transcription level of
PA0055 was significantly downregulated (Fig. 4D). This might be due to the autoinduc-
tion of OsaR, along with the negative feedback regulation of PA0055 in gene transcrip-
tion. The b-galactosidase activity experiments suggest that PA0055 can inhibit the PosaR
and PPA0057 promoters (Fig. 4F and G). We speculate that PA0055 could be a vital gene
that cannot be knocked out (data not shown). Therefore, in the operon, PA0055 and
osaR are cotranscribed under the regulation of promoter PosaR, while PA0057 and dsbM
are cotranscribed under the regulation of promoter PPA0057. It is the overlap of the pro-
moters PosaR and PPA0057 that makes the internal regulation of this operon orderly.

FIG 9 Binding of PA0055 to promoter DNA and OsaR. (A) EMSA of PA0055 protein with the IR
between osaR and PA0057. PA0055 used in the following concentrations: 0 nM, 50 nM, 100 nM, and
200 nM. (B) EMSA of OsaR-RE (200 nM) with the F2IR DNA fragment in the presence or absence of
protein PA0055 (200 nM). The numbers 1 and 2 represent the order in which the corresponding
proteins are added to the EMSA system. (C) Binding affinity of OsaR-RE for PA0055 protein assessed
by MST analysis. The Kd was 5.85 nM. Red arrows indicate the protein-DNA complex, and black arrows
indicate free DNA.
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PA0055 and OsaR form an oscillator in which OsaR-RE positively induces expression of
PA0055 and osaR. As a result, PA0055 can exert feedback to stop OsaR-RE autoinduc-
tion when it accumulates to a certain level.

PA0057 is induced by cell wall stress and ROS. Lactamases can be divided into
four categories, i.e., class B, which requires Zn21, and classes A, C, and D, which are not
dependent on metal but have active serine sites (41). Although these four classes of
b-lactamases are all found in P. aeruginosa, only two types, AmpC and PoxB, were
reported to be encoded chromosomally (42). PA0057 is a class B b-lactamase encoded
chromosomally. Most b-lactams, including carbapenems, are preferred substrates of
type B lactamases (43). PA0057 is also able to hydrolyze imipenem and other lactamide
antibiotics (except those with a single ring) (44). Accordingly, we found that increased
expression of PA0057 in the osaR mutant plays a nonnegligible role in b-lactam resist-
ance. Furthermore, when there are b-lactams or b-lactamase inhibitors in the environ-
ment that can bind to penicillin-binding proteins, cell wall synthesis is blocked and the
level of intracellular wall peptides increases, disrupting the respiratory chain and lead-
ing to a rise in ROS. This may explain why PA0057 and dsbM are located in the same op-
eron. PA0057 is responsible for b-lactam resistance and DsbM is involved in the
defense against ROS.

Role of DsbM in oxidative stress. Protein inactivation is one of the disastrous
results of oxidative stress. Many types of amino acids may be covalently modified by
oxidative damage. Among them, cysteine and methionine are the most sensitive to
ROS. The thiol (–SH) functional groups in the cysteines of proteins can accept electrons
from ROS and thereby be oxidized to sulfenic acids (–SOH). Subsequently, these sul-
fenic acids can either form a disulfide bond (S–S) or be irreversibly oxidized to sulfinic
acid (–SO2H) and sulfonic acid (–SO3H) (45). Proteins in the periplasm that are sulfeny-
lated by ROS may be repaired by DsbG and DsbC, and then the OX-DsbG and OX-DsbC
are reduced by DsbD (45–47). In the cytoplasm, oxidized Cys residues are reduced to
the free thiol state by various oxidoreductases, including thioredoxins and glutaredox-
ins (48, 49). The present study provides evidence that upregulation of DsbM located in
the cytoplasm may involve one of the Dsb family oxidoreductases that repair oxida-
tion-damaged cysteine in cytoplasmic proteins, including OsaR, and can deactivate
OxyR after ROS stress is relieved.

The combination of all these data led us to formulate a hypothetical model, which is
summarized in Fig. 10. OsaR is inactivated into an oxidized state and the OxyR regulon
is activated when exposed to oxidative stress. The metallo-b-lactamase PA0057 enhan-
ces tolerance to b-lactams. The activated OxyR-OX regulon enhances tolerance to AGs
by scavenging ROS. Finally, OxyR-OX and OsaR-OX are catalyzed into a reduced state
by DsbM. The redox regulator OsaR plays a role in tolerance to AGs and b-lactams in P.
aeruginosa.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. Bacteria were grown in Luria-Bertani (LB) liquid medium

or plated onto solid LB medium containing 1.5% (wt/vol) agar and cultured at 37°C with aeration.
Antibiotics were used at the following concentrations for plasmid selection and maintenance: 25mg lit-
er21 kanamycin, 10mg liter21 tetracycline, 10mg liter21 gentamicin, or 50mg liter21 ampicillin for E. coli
and 100mg liter21 gentamicin, 10mg liter21 tetracycline, or 100mg liter21 carbenicillin for P. aeruginosa.
The bacterial strains and plasmids used in this study are listed in Table S1 in the supplemental material,
and the primers used in this study are listed in Table S2. All of the mutants were constructed by marker-
less homologous recombination.

MICs of antibiotics. The MICs of antibiotics were determined using microdilution assays (50).
Briefly, overnight cultures were diluted to the final desired inoculum of 5� 105 CFU ml21, and then
200 ml of the diluted culture was added to the first two columns of a 96-well plate; others received
100 ml. Two initial concentrations that were prepared for the same antibiotic to obtain more precise
MIC values were added to the first and second wells in each row and then gradient diluted as indi-
cated in Table 5. The 96-well plate was incubated at 37°C, and the MICs were measured after 18 h. All
of the data were obtained from at least three independent experiments with at least three replicates.

H2O2 susceptibility assay. H2O2 susceptibility was determined using the same method as that
detailed by Weng et al. (51) but with slight modifications; bacteria at an OD600 of 2.0 were collected and
washed with sterile phosphate-buffered saline (PBS). The strains were then treated with H2O2 (10mM or
20mM) for 10 min at 37°C.
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Cellular ROS assay. ROS were detected using the agent carboxy-H2DCFDA as described previously,
with slight modifications (36). After treatment with high concentrations of antibiotic for 30 min at an
ODof 2.0, the control and cells were stained with carboxy-H2DCFDA (dissolved in ethanol [final concen-
tration, 20 mM]; Genecopoeia) at 37°C for 30 min. The stained cells were then washed with PBS, and
the fluorescence intensity (FLU) (excitation wavelength, 488 nm; emission wavelength, 520 nm) was
detected by a fluorescent microplate reader (PerkinElmer, USA). The relative fluorescence density of each
sample was calculated as FLU divided by the cell density (OD600) to evaluate intracellular ROS levels.

Catalase activity assay. Bacteria were cultured to an OD600 of 2.0 and then incubated with or with-
out 2mM H2O2 for 30 min. The bacteria were collected by centrifugation, followed by sonication for lysis.
The total intracellular catalase activity was measured with a catalase assay kit (Beyotime, Shanghai,
China). A bicinchoninic acid (BCA) kit was used for total protein concentration measurements (CWBio,

TABLE 5 Gradient dilution for MIC determinations

Dilution step Concentrationa

1 C1

2 C2

3 C1/2
4 C2/2
5 C1/4
6 C2/4
7 C1/8
8 C2/8
9 C1/16
10 C2/16
11 C1/32
12 0
aC2 equals (C1 1 C1/2)/2 equals 3C1/4 or C2 is a special concentration (C1 , C2 , C1/2) from pilot experiments.

FIG 10 Proposed model for oxidative stress responses regulated by OsaR in P. aeruginosa. In this
hypothetical model, the bacteria have a reduced internal milieu under normal physiological conditions.
Therefore, reduced OsaR protein binds to its binding site in the form of a polymer, which facilitates
transcriptional initiation of osaR (a). The negative feedback regulation of PA0055 protein keeps the
positive autoregulation of osaR at a relative level (b). The transcription of PA0057 and dsbM is normally
repressed. When exposed to antibiotics (b-lactams or AGs) or oxidative stress, OsaR is oxidized and
forms monomers (c) and OxyR is activated (e), resulting in increased expression of antioxidant genes to
restore the redox balance. OsaR protein is oxidized, forming a disulfide bond, and is converted into
a nonbinding state (c). The expression levels of PA0055 and osaR are downregulated, but PA0057,
dsbM, and oxyR (d) (the dotted line indicates indirect regulation) are upregulated. Among them,
the metallo-b-lactamase expressed by PA0057 protein can hydrolyze the lactamide ring of
b-lactams and enhance the tolerance of P. aeruginosa to lactams (h). Oxidized OxyR can
continuously activate the transcription of downstream antioxidant genes to scavenge ROS (f and
g). Thus, the influence of AGs on bacteria can be alleviated. Oxidized OxyR and oxidized OsaR
could be catalyzed to a reduced state by DsbM when the oxidation stress is released (i). Finally,
the LMD gene cluster is restored to the initial physiological state. The model marked with green
lines integrates previous published data.

OsaR Regulates dsbM and Oxidative Stress Response Antimicrobial Agents and Chemotherapy

March 2021 Volume 65 Issue 3 e01771-20 aac.asm.org 15

https://aac.asm.org


China).
Killing experiments with antibiotic and thiourea. For the killing assay with carbenicillin, overnight

cultures were diluted 1:100 into 20ml of LB broth and grown to an OD600 of 0.4 in flasks. The cultures
were then divided into 5ml per tube, and different concentrations of carbenicillin were added. The CFU
were counted every 3 h.

Samples were analyzed as reported previously (52). Overnight cultures were diluted 1:100 into 20ml
of LB broth and grown to an OD600 of 1.0 in flasks as described above; 0.1ml of either LB broth or LB
brothwith 150mM thiourea (Sigma-Aldrich) was added, and shaking was continued for 10 min. After
addition of antibiotic, the cultures were put back on the shaker and the OD600 was measured every 1 h.
Before antibiotic addition, a sample was removed to detect the initial OD600. Cell survival was determined
as the OD600 divided by the initial OD600.

Reverse transcription-PCR. Reverse transcription (RT)-PCR was based on a previously described pro-
cedure (53). Total RNA was isolated as before. The RNA was treated with 20 U DNase (Thermo Fisher
Scientific) for 30 min at 37°C. DNase was removed by adding 30mM EDTA at 65°C for 10 min. Total RNA
was then reverse transcribed with specific primers (PA0055SRTR or PA0058SRTR) using the StarScript II
first-strand cDNA synthesis kit according to the manufacturer’s instructions. PA0055, osaR, PA0057, and
dsbM were amplified with the first-strand cDNA reaction product as the template. Reactions without the
reverse transcriptase enzyme were used as negative controls. The PCR positive control was prepared
using the genomic DNA as the template.

RT-qPCR. Bacteria were harvested at an ODof 2.0, and RNA was extracted using the RNA prepara-
tion pure cell/bacteria kit (Tiangen). The extracted RNAs were reverse transcribed into cDNAs with
the Transcriptor first-strand cDNA synthesis kit (Roche). RT-qPCR analysis was performed with the
SYBR green premix ex Taq kit (Tli RNase H Plus; TaKaRa), and rspL was used to normalize gene
expression.

b-Galactosidase activity assay. The strain was cotransformed with the reporter plasmid and the
overexpression plasmid. Cultures inoculated with 1% diluted overnight cultures grew to an OD of 2.0
and were subjected to the b-galactosidase activity assay as reported (54); results were expressed in
Miller units. PAK cells with the reporter plasmid and empty plasmid pUCP19 served as controls.

Biosensor assay. Cultivation of P. aeruginosa was carried out at 37°C in ABTrace minimal medium
supplemented with 0.5% (wt vol21) glucose, 0.5% (wt vol21) Casamino Acids, and 1 mM ferric chloride
(ABTGCAAFe medium). Overnight cultures of P. aeruginosa strains containing promoter-gfp biosensors
were diluted to an OD600 of 0.025, as described before (55). Briefly, a total of 100 ml of culture was trans-
ferred into each well of a 96-well microplate. OD600 and green fluorescent protein (GFP) fluorescence
readings (in relative fluorescence units [RFU]) were measured every 30 min for 24 h using a microplate
reader (Tecan Infinite 2000).

Amino acid sequence alignment and protein structure prediction. The amino acid sequence
alignment between OsaR and the P. aeruginosa OxyR protein (EcYcjZ [GenBank accession number
EOQ56594.1]) was analyzed using the ClustalW2 server (http://www.ebi.ac.uk/Tools/msa/clustalw2).
Structural modeling prediction of OsaR was performed using SWISS-MODEL (https://swissmodel.expasy
.org). Promoter prediction of osaR and PA0057 used BPROM (http://linux1.softberry.com/berry.phtml
?topic=bprom&group=programs&subgroup=gfindb).

Expression and purification of protein. Expression and purification of protein PA0055 and inclusion
OsaR were based on the pET system manual (Novagen user protocol TB055) and the HisTrap FF crude
protocol (GE Healthcare). Transetta(DE3) was used for PA0055 expression, and BL21(DE3) was used for
OsaR expression. The purified proteins were dialyzed with TGE buffer (50mM Tris-HCl [pH 7.5], 10% glyc-
erol, 1mM EDTA) using an ultrafiltration tube (Millipore). The E. coli expression plasmid pETMALc-H,
which is a MBP fusion expression vector, was used for expression of osaR. The plasmid was introduced
into BL21(DE3). OsaR expression was performed as described previously with some modifications (56).
The overnight culture was diluted 1% into 1 liter of fresh LB mediumplus 0.2% glucose medium contain-
ing 25 mg ml21 kanamycin. The culture was grown at 37°C until the OD600 reached 1.0, and then expres-
sion was induced with 0.3mM isopropyl-b-D-thiogalactopyranoside (IPTG). The cells were grown at 28°C
for a total of 2 h after induction. The cells were harvested and suspended in CB buffer according to the
pMAL protein fusion and purification system manual (number E8000; New England Biolabs) to acquire
and to purify OsaR protein. Finally, the pellets from ultrasonication were resuspended in 8 M urea to ac-
quire the inclusion body in the supernatant.

The enzyme reactions were carried out. Affinity-purified fusion proteins were diluted to a working
concentration of ,2mg ml21 in PBS (pH 8.0), and 10% glycerol was added. Thrombin (Macklin, China) at
1:50 (quality ratio) was subsequently applied, and the reactions were performed for 12 h at 30°C (57).
Cleavage was terminated with 1mM benzamidine. After centrifugation of the samples for 5 min at
12,000 � g, the soluble fractions were extracted and analyzed by 10% SDS-PAGE, followed by Coomassie
blue staining and Western blotting using peroxidase-linked monoclonal anti-His.

MST measurements. MST experiments were performed as described by Jerabek-Willemsen et al.
(58). Sixteen samples with 50 nM labeled OsaR protein probe and increasing concentrations of nonla-
beled PA0055 protein (from 0.9 nM to 30 mM) were loaded on standard treated silicon capillaries
(Monolith NT.115 series capillaries). The measurements were carried out using a Monolith NT.115 instru-
ment (NanoTemper) at 30°C with 40% excitation power and medium LED power. Data analyses were per-
formed using NanoTemper Analysis software. The dissociation constants (Kd) were calculated as
described previously (59).

Analytical ultracentrifugation and DTNB assay. ME (1%) was used to obtain the reduced protein,
and 10mM H2O2 was used for the oxidized form. Then, analytical ultracentrifugation was performed with
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a ProteomeLab XL-I ultracentrifuge (Beckman). The 5,5-dithiobis-2-nitrobenzoic acid (DTNB) assay was
used to determine the free thiol contents (60). The ME or H2O2 used for reducing or oxidizing the protein
was removed by dialysis with the DTNB assay buffer (200mM KH2PO4/K2HPO4, 200mM NaCl, 2mM
EDTA). After addition of DTNB, the A412 was recorded. The BCA kit (CWBio) was used for protein concen-
tration measurements. Free thiol contents were determined as the free thiol concentration divided by
the protein concentration.

Determination of OsaR redox status. This experiment for determination of the OsaR redox status in
vivo mainly followed the assay presented by Åslund et al. (61). Briefly, PAK-OsaR-His cultures at an
ODof 2.0 were treated with 1mM H2O2 for different times (or PAK-OsaR-His cultures were treated with
different concentrations of H2O2 for 20 min), and then aliquots were taken and mixed with 10% trichloro-
acetic acid (TCA). Proteins were precipitated at 4°C for 1 h and collected by centrifugation (10 min at
10,000 � g). Pellets were washed once with cold acetone after thorough removal of the supernatant. The
pellets were acquired and air dried for 30 min. Next, the pellets were dissolved in alkylation buffer (1%
SDS, 0.67 M Tris-HCl [pH 8], 15mM AMS [Molecular Probes, Sigma]). Alkylations were performed at 37°C
for 1 h. All of the aforementioned samples were analysis via Western blotting.

For the in vitro assays, MBP-OsaR was reduced with ME (1%) and oxidized with given concentrations
of H2O2. Subsequently, TCA was added to remove ME (1%) and H2O2 as described above. Theses pellets
were dissolved in alkylation buffer, with or without ASM, for 1 h. Coomassie brilliant blue staining was
performed after nonreducing SDS-PAGE (62).

Gel retardation assays. Gel retardation assays were conducted like those in a previous study with
some modifications (63). The DNA fragments were amplified by PCR. Purified DNA fragments and protein
PA0055 or OsaR were mixed and incubated in buffer (20mM Tris-HCl [pH 7.5], 50mM KCl, 50mM MgCl2,
10% glycerol) for 20 min at 30°C to allow complex formation. The complexes were detected by 5% (wt/
vol) PAGE at 80 V and then stained with ethidium bromide.

EMSAs were performed as described previously with minor modifications (22, 64). DNA fragments
generated by PCR amplification were 59-end labeled with biotin. All binding reactions were performed at
30°C for 20min in binding buffer (20mM Tris-HCl [pH 7.5], 50mM KCl, 50mM MgCl2, 10% glycerol, 25mg
ml21 sonicated herring sperm DNA). The protein-DNA migration was carried out at 8 V cm21 in TBE buffer
in 5% polyacrylamide gels. The samples were then transferred to a positively charged nylon membrane.
Cross-linking was performed in an 80°C oven for 20 min, followed by streptavidin-horseradish peroxidase
hybridization color development.

DNase I footprinting assay with FAM-labeled primers. DNase I footprinting assays were performed
according to the method described by Wang et al. (65). A 238-bp promoter region of osaR was PCR
amplified with a FAM-labeled sense primer. Probes (250 ng) were incubated with 3.5-mg mixtures of
recombinant protein or bovine serum albumin in a total volume of 40ml in the same buffer as for the
EMSAs described previously. After incubation for 20 min at 30°C, 0.075 U of DNase I (Invitrogen) was
added, followed by further incubation for 1 min at 25°C. The reaction was stopped by the addition of
30mM EDTA and incubation at 65°C for 10 min. Samples were purified with the PCR purification kit
(TaKaRa), and the pellets were eluted in 10ml of 2mM Tris buffer (pH 8.0). The sequencing results were
analyzed with Peak Scanner software v1.0 (Applied Biosystems, CA, USA) to determine the exact regions
that were protected (63).
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